In this research, the application of heat pipes in the air handler dedicated to decoupling dehumidification from cooling to reduce energy consumption was simulated and investigated by simulations and experimental studies. The cooling load profiles and heat pipes with effectiveness of 0.45 and 0.6, respectively, were evaluated in achieving the desired space conditions and calculated hour by hour. The results demonstrated that for all examined cases, a heat pipe heat exchanger (HPHX) can be used to save over 80% of the energy during the hours of operation of air conditioning. The overall energy reduction rate was from 3.2% to 4.5% under air conditioning system conditions. It was found that the energy saving potential of a laboratory was higher than for other kinds of buildings. Therefore, the dedicated ventilation system combined with heat recovery technology can be efficiently applied to buildings, especially for laboratories in subtropical areas.
Introduction
Southern China is a subtropical region with long, hot and humid summers. A conventional air-conditioning system using cold-coils to handle sensible heat and latent heat must operate at extremely low effective coil temperatures to remove moisture by condensation on their surface. To achieve this, the supply air is typically run at a low temperature (10-12˝C dry-bulb) and close to saturation (90%-95% relative humidity (RH)) to consume additional energy for reheating. In subtropical and tropical regions, it is common to see that space temperatures are typically on the colder side, tending to about 23˝C and space RH is usually on the higher side, from 70% to 75% [1] , which increases the risk of catching diseases. In a typical residential building, air conditioning accounts for 25% of the energy consumption [2] . The data obviously indicate that energy saving methods which can reduce energy consumption for air conditioning would be extremely valuable.
Air conditioning systems are commonly used for laboratories in Southern China and other places all around the world. This practice is particularly inefficient for the Southern China situation. Given that the electricity that air conditioning system needs to produce a known rate of cooling increases with the incoming temperature of the medium for condenser cooling, the high outdoor air temperature, about 35˝C in summer, is one of the reasons. At the same time, the high outdoor air humidity, about 95% in summer, is another reason. These two reasons lead to a decline in the coefficient of performance (COP) of most air cooled units to the range of 2.2-2.4 [3] . cooling capacity was established and evaluated under various operating conditions, not only by simulation part but also in the experimental part in this paper. This paper also provides comparisons and discussions of the effects of heat pipes combined with a dedicated ventilation system for different buildings.
Dedicated Ventilation System Based on Heat Recovery Technology
The schematic diagram and the air treatment processes of the proposed system are shown in Figure 1 . The conventional system adopts a direct-expansion (DX) method to cool and dehumidify the FA from state 0 to state 2, and subsequently reheat it to the desired conditions (state 3), though this additional reheater is often omitted in actual installations sacrificing the thermal comfort. For the proposed HPHX system, a HPHX will be adopted to pre-treat the FA. As shown in Figure 1 , FA (state 0) will be pre-cooled by the evaporator side of the HPHX (state 1), then subsequently cooled and dehumidified to state 2 by DX. After being reheated at the condenser side of the HPHX (state 3), the dried and cooled FA will be supplied to the space (state 6) in the best conditions to satisfy all of the latent load and part of the sensible load of the space which can meet the design conditions.
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The schematic diagram and the air treatment processes of the proposed system are shown in Figure 1 . The conventional system adopts a direct-expansion (DX) method to cool and dehumidify the FA from state 0 to state 2, and subsequently reheat it to the desired conditions (state 3), though this additional reheater is often omitted in actual installations sacrificing the thermal comfort. For the proposed HPHX system, a HPHX will be adopted to pre-treat the FA. As shown in Figure 1 , FA (state 0) will be pre-cooled by the evaporator side of the HPHX (state 1), then subsequently cooled and dehumidified to state 2 by DX. After being reheated at the condenser side of the HPHX (state 3), the dried and cooled FA will be supplied to the space (state 6) in the best conditions to satisfy all of the latent load and part of the sensible load of the space which can meet the design conditions. The pre-cooling process of the heat pipe must improve the cooling capability of the air conditioner, and the re-heating process must supply free reheat energy for the overcooled air. The moisture removal capability of the DX in the dedicated ventilation systems can be improved if the FA is pre-cooled before reaching it. The psychrometric processes comparison between the conventional and HPHX systems is shown in Figure 2 . The conventional and HPHX systems compared in the psychrometric chart. Conventional system: 0-2-3; HPHX system: 0-1-2-3; h0, 1, 2, 3 = air enthalpy, kJ/kg; w0, 1, 2, 3 = air moisture content at the various states, kg/kg; Cpa = air specific heat, kJ/kg•K; t0, t1 = air temperature, °C.
Simulations and Calculations
The availability of laboratories' cooling load performance is significant for evaluating the feasibility and for calculating the energy saving potential with the use of the proposed system. Based on the latest survey of the design conditions which are obtained from typical laboratories, 10 laboratories can provide a representative picture about the design values used in Southern China, The pre-cooling process of the heat pipe must improve the cooling capability of the air conditioner, and the re-heating process must supply free reheat energy for the overcooled air. The moisture removal capability of the DX in the dedicated ventilation systems can be improved if the FA is pre-cooled before reaching it. The psychrometric processes comparison between the conventional and HPHX systems is shown in Figure 2 .
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Dedicated Ventilation System Based on Heat Recovery Technology
Simulations and Calculations
The availability of laboratories' cooling load performance is significant for evaluating the feasibility and for calculating the energy saving potential with the use of the proposed system. h0-h1=Cpa(t0-t1) Figure 2 . The conventional and HPHX systems compared in the psychrometric chart. Conventional system: 0-2-3; HPHX system: 0-1-2-3; h 0, 1, 2, 3 = air enthalpy, kJ/kg; w 0, 1, 2, 3 = air moisture content at the various states, kg/kg; C pa = air specific heat, kJ/kg¨K; t 0 , t 1 = air temperature,˝C.
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The availability of laboratories' cooling load performance is significant for evaluating the feasibility and for calculating the energy saving potential with the use of the proposed system. Based on the latest survey of the design conditions which are obtained from typical laboratories, 10 laboratories can provide a representative picture about the design values used in Southern China, so the air conditioning system characteristics and the occupancy profiles of 10 laboratories have been identified as sample and representative parameters. All the parameters used for the simulation are listed in Table 1 . The complicated performances of laboratories 1 to 10 located in Southern China were respectively modeled using the HTB2 simulation software. HTB2, an energy consumption simulation software based on the system heat balance method, was developed by the Welsh School of Architecture at Cardiff University. It was developed for both modelling and monitoring the thermal environment of modern low energy buildings. It encompasses a general shift in emphasis from gross energy usage to the performance of the building environment and the operation of the building as an interacting system [20, 21] . The simulation outputs include the hourly cooling profiles, the space sensible and latent loads, the ventilation sensible and latent loads, and the space thermal conditions. Together with the hourly outdoor air temperatures (t 0 ) of Southern China, the performance of HP at different effectiveness when achieving the desired room conditions, and the potential energy benefits can be evaluated by the use of the equations from the Sections 3.1 and 3.2 energy saving calculations. The simulation initial and set conditions namely indoor and outdoor conditions which have been listed in Table 2 must be in line with the experimental conditions. This paper chose the manufacturers' performance data [22, 23] in order to evaluate HPHX effectiveness. The details of the heat pipes used are summarized in Table 3 . It is noted that the heat pipe with effectiveness values of 0.45 and 0.6 was selected for further evaluation as it was the most readily available in the project. The assumptions of the models applied to analyze the energy saving potential of the proposed system are as follows: The modeling and simulation procedure is shown in Figure 3 .
Energies 2016, 9, 24 The modeling and simulation procedure is shown in Figure 3 . 
The Energy Saving Calculations for the Fresh Air (FA) System
Without the HPHX, the net total cooling and reheating load for FA treatment, QDXN,O and HDX,O, would be: 
where: With the HPHX, when the FA passes through the evaporator side of the heat pipe, the air will be cooled down from t 0 to t 1 , but without any change in its moisture content. The air enthalpy also be changed from h 0 to h 1 by the evaporator side of HPHX, so the total cooling load in the DX, Q DX , becomes:
The FA will leave the DX at state 2, which will be reheated by the condenser side of the HPHX, with a temperature t 3 (state 3). The air states at state points 0 to 3 are related by:
where: Therefore, once states 0 and 2 are defined, air states 1 and 3 are also defined through Equations (4)- (7). The sensible cooling load and latent cooling load of the net for FA process in the DX is:
The reheat load:
Therefore, the reduction in FA cooling load can be determined from Equations (1) and (8), i.e.,:
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Equations (2) and (9) decide the energy reduction of the reheat load in FA system, i.e.,
Therefore, the energy saving potential of the FA systems is:
All the FA system energy saving percentage is:
where:
‚ COP = coefficient of performance of the FA system; ‚ ε 1 = energy saving potential of the FA system, %; ‚ m = total running hours, h.
The Energy Saving Calculation for the Whole System
Without the HPHX, the net total cooling and reheating load for air treatment,
where: With the HPHX, the air will be cooled down from t 0 to t 1 but without any change in its moisture content and the air enthalpy also be changed from h 0 to h 1 by the evaporator side of HPHX, the total cooling load in the DX, Q DX , becomes:
The sensible cooling load and latent cooling load of the net for FA process in the DX is:
Therefore, the reduction in FA cooling load can be determined from Equations (14) and (18), i.e.,:
The reduction in air reheat load can likewise be determined from Equations (16) and (19), i.e.,:
All the system energy saving percentage is:
where ε 2 = energy saving potential of the whole system, %.
Results and Analysis

The Energy Simulation Results of Dedicated Ventilation System with Heat Pipe Heat Exchanger (HPHX)
The evaluations satisfied the follow conditions:
(1) The number of hours when the space is used in one year based on the use of the HPHX for FA treatment. which were determined by the space peak cooling load in the evaluations must be kept constant.
All the results are shown in Table 4 . It can be seen that the characteristic heat pipe effectivenesses of 0.6 (η 0.6 ) and 0.45 (η 0.45 ) were comparable. The number of hours when the HPHX is applicable to save energy ranged from 2155 h to 2282 h (~80%) in 2880 operating hours of the air conditioning system, which corresponds to 0.31%-1.69% the number of hours that the design space conditions cannot be reached. The results demonstrate the feasible use of the HPHX combined with a dedicated ventilation system for laboratories to save energy and to achieve the thermal comfort of space conditions. The heat pipe of effectiveness 0.6 which is more suitable (~30% to 50%) and more compact than that of effectiveness 0.45 could be recommended. Along with some given design and calculation Energies 2016, 9, 24 9 of 20 methods of the product manual of the heat pipe [22, 23] , in the subsequent simulation and experiment, heat pipe of effectiveness 0.6 was chosen. 
Energy Saving Potential
The conventional and proposed systems were calculated to achieve the energy saving potential. The use of HPHXs for FA systems can not only reduce the FA load but also the reheating load. The results could be calculated by the use of Equations (10)- (13) .
Comparing the conventional and proposed systems, the system with the HPHX undoubtedly would save energy in the FA system portion. If the temperature and the RH satisfied the weather conditions, the HPHX combined with a dedicated ventilation system should reduce the cooling load and reheating load considerably. The reheating equipment would no longer be used because the system contains the HPHX.
The COP of the air conditioning system was assumed to be 2.7 and the efficiency of electric reheating was assumed to be 1. The energy saving (cooling and reheating savings) conversion to electricity savings can use the above assumption. The assumed COP was based on the minimum COP for an air-cooled chiller as specified in the Code of Practice for energy efficiency of air conditioning installations. Figure 4 shows the annual cooling load saving percentage in FA system per area achieved by the use of the HPHX, where the corresponding savings ranged from 20% to 27%. Considering that the FA system contributes to about 30% of the overall consumption for air conditioning in Southern China [24] , the energy savings could lead to a reduction of approximately 6%-9% of the total energy use in FA systems which was shown in Figure 5 . 
The COP of the air conditioning system was assumed to be 2.7 and the efficiency of electric reheating was assumed to be 1. The energy saving (cooling and reheating savings) conversion to electricity savings can use the above assumption. The assumed COP was based on the minimum COP for an air-cooled chiller as specified in the Code of Practice for energy efficiency of air conditioning installations. Figure 4 shows the annual cooling load saving percentage in FA system per area achieved by the use of the HPHX, where the corresponding savings ranged from 20% to 27%. Considering that the FA system contributes to about 30% of the overall consumption for air conditioning in Southern China [24] , the energy savings could lead to a reduction of approximately 6%-9% of the total energy use in FA systems which was shown in Figure 5 . The total energy saving potential of the air conditioning system was from 3.2% to 4.5%, and could be calculated using Equations (20)- (22). The results are summarized in Figure 6 and confirm the feasibility of using HPHXs in subtropical climates like Southern China for laboratories. The total energy saving potential of the air conditioning system was from 3.2% to 4.5%, and could be calculated using Equations (20)- (22) . The results are summarized in Figure 6 and confirm the feasibility of using HPHXs in subtropical climates like Southern China for laboratories.
The total energy saving potential of the air conditioning system was from 3.2% to 4.5%, and could be calculated using Equations (20)- (22) . The results are summarized in Figure 6 and confirm the feasibility of using HPHXs in subtropical climates like Southern China for laboratories. 
Comparison of the Dedicated System with Laboratory, Cinema and Office Building Systems
A feasibility study of the use of heat pipes for decoupling dehumidification from cooling to improve the energy saving potential and indoor air quality for office buildings has been conducted in previous research. The office building model has been simulated and evaluated to assess the performance and the energy saving potential of the proposed system. It has been indicated that heat pipes of different effectiveness can be used to save energy for over 70% of the air-conditioned running hours, which correspond to 0.03%-6.3% of the time the decoupling objective cannot be reached. According to these results, a regressed model relating NHRS with the effectiveness of heat pipe has been established [18] .
Another previous study concerned the use of HPHXs combined with a dedicated ventilation system for cinemas to reduce the reheating and pre-cooling energy. The feasible use and the energy saving potential of the proposed system was investigated on a cinema model which was simulated, calculated, evaluated and tested under varying conditions. It was demonstrated that the HPHX can be used to save more than 60% of the energy during the air-conditioning running hours. Thus, the overall energy savings cinemas ranged from 1.5% to 2.8% for the whole system [19] .
Considering the place of application of the two previous studies, the current work extends the research scope by establishing a laboratory model, which focuses on its thermal insulation performance, the occupancy and the decoupling of dehumidification from cooling capacity. After evaluating the energy saving potential of the FA system and the air conditioning system of then laboratory model, it is necessary to compare the different research results of the three models under 
Considering the place of application of the two previous studies, the current work extends the research scope by establishing a laboratory model, which focuses on its thermal insulation performance, the occupancy and the decoupling of dehumidification from cooling capacity. After evaluating the energy saving potential of the FA system and the air conditioning system of then laboratory model, it is necessary to compare the different research results of the three models under the same conditions and clarify which one works most effectively and suitably in these three buildings.
Figures 7 and 8 illustrate the differences of the three models. Figure 7 indicates that for the laboratory the time that the dried and cooled FA generated by the HPHX combined with a dedicated ventilation system, cannot be applied to totally remove the space latent load is shorter than for the other buildings. The energy saving potential is from 0.4% to 1.69% under the same design conditions. Besides the fact that the percent of high RH hours of a laboratory is lower than for a cinema and office building, Figure 8 shows that the energy saving potential of laboratories is higher than the others for the same design conditions. Energies 2016, 9, 24 energy saving potential for the cinema could be mainly attributed to the larger windowless rooms of the cinema, as well as the fact the occupancy of the cinema changes frequently which leads to a maximum FA load. Therefore, the proposed system for dehumidification improvement is more suitable for a laboratory than a cinema or office building in a subtropical area.
Experimental
An experimental prototype was designed and installed for experimental research to evaluate the overall performance. The prototype shown in Figure 9 consists a vertical HPHX, a variable speed fan, an insulated duct and a DX coil which will be the evaporator side of the air conditioner with 1.4 kW power consumption and 3.36 kW nominal cooling capacity. Besides, a DX evaporator with copper tubes and aluminum fins, and the air conditioner which will be comprised of a capillary tube and an air cooled condenser are connected to a hermetic rotary compressor. The test rig must be insulated to minimize the heat loss to the ambient. Polystyrene and fiber glass insulation will be applied to the energy saving potential for the cinema could be mainly attributed to the larger windowless rooms of the cinema, as well as the fact the occupancy of the cinema changes frequently which leads to a maximum FA load. Therefore, the proposed system for dehumidification improvement is more suitable for a laboratory than a cinema or office building in a subtropical area.
An experimental prototype was designed and installed for experimental research to evaluate the overall performance. The prototype shown in Figure 9 consists a vertical HPHX, a variable speed fan, an insulated duct and a DX coil which will be the evaporator side of the air conditioner with 1.4 kW power consumption and 3.36 kW nominal cooling capacity. Besides, a DX evaporator with copper tubes and aluminum fins, and the air conditioner which will be comprised of a capillary tube and an air cooled condenser are connected to a hermetic rotary compressor. The test rig must be insulated to The high RH hours and the energy saving potential must differ between various types of spaces under the same design conditions. The main reasons for the different results include the architectural characteristics, the load characteristics and the occupancy. The thermal insulation performance of a laboratory is better than that of the other two buildings and the occupancy of the laboratory has less Energies 2016, 9, 24 12 of 20 changes, which results in a minimum FA load. These two conditions lead to the best high RH hours and energy saving potential of the laboratory. However, there are no windowless rooms in the office building. The occupancy of the office building changes more than the occupancy of the laboratory, which causes the office building's medium FA load. The maximum high RH hours and the minimum energy saving potential for the cinema could be mainly attributed to the larger windowless rooms of the cinema, as well as the fact the occupancy of the cinema changes frequently which leads to a maximum FA load.
Therefore, the proposed system for dehumidification improvement is more suitable for a laboratory than a cinema or office building in a subtropical area.
An experimental prototype was designed and installed for experimental research to evaluate the overall performance. The prototype shown in Figure 9 consists a vertical HPHX, a variable speed fan, an insulated duct and a DX coil which will be the evaporator side of the air conditioner with 1.4 kW power consumption and 3.36 kW nominal cooling capacity. Besides, a DX evaporator with copper tubes and aluminum fins, and the air conditioner which will be comprised of a capillary tube and an air cooled condenser are connected to a hermetic rotary compressor. The test rig must be insulated to minimize the heat loss to the ambient. Polystyrene and fiber glass insulation will be applied to the ductwork and related components. The air flow rate is controlled by a variable speed fan which is installed in the ductwork. The cooling output has on/off control by the indoor set point conditions.
The characteristics of the prototype are tested in two completely isolated and insulated spaces one of which corresponds to outdoor conditions and the other one to indoor conditions, as shown in Figure 9 . The moisture generator and heat generator will be used to simulate the varying space load conditions by adjusting the latent heat and the sensible outputs in the indoor space. The sensible heat ratio (SHR) could be applied to create an extensive scope of running conditions which due to the two generators are running separately. The air handling unit will be used to simulate varying outdoor conditions. Energies 2016, 9, 24 generators are running separately. The air handling unit will be used to simulate varying outdoor conditions. The test conditions of the indoor and outdoor spaces for the experiments are summarized in Table 2 and are in keeping with simulation conditions. In this experiment, four test points for getting dry-bulb and wet-bulb temperatures (point 0 to 3) are shown in the Figure 9 as well. This study gets the average temperature of every four points for the calculations. The indoor space has a thermal dynamic steady state during all the experiment, namely:
QAHU(τ) = cooling load from AHU at time (τ), kW; QFA(τ) = cooling load from FA at time (τ), kW; Figure 9 . The experimental prototype set-up.
The test conditions of the indoor and outdoor spaces for the experiments are summarized in Table 2 and are in keeping with simulation conditions. In this experiment, four test points for getting dry-bulb and wet-bulb temperatures (point 0 to 3) are shown in the Figure 9 as well. This study gets Energies 2016, 9, 24 13 of 20 the average temperature of every four points for the calculations. The indoor space has a thermal dynamic steady state during all the experiment, namely:
‚ Q AHU (τ) = cooling load from AHU at time (τ), kW; ‚ Q FA (τ) = cooling load from FA at time (τ), kW;
‚ Q H (τ) = heating load from the heat and moisture generators at time (τ), kW; the heat generator is from 0 kW to 12 kW and the moisture generator is from 0 kW to 4.8 kW.
In the indoor space, the constant cooling output from the air handler and the outputs of the heat and moisture generators were controlled by proportional integration differentiation (PID) technology to maintain the space thermal conditions. The sensible load is varied by the dry-bulb temperatures and the latent load is varied by the wet-bulb temperatures.
Four test points for getting dry-bulb and wet-bulb temperatures are measured using type K thermocouples and the airflow rate is measured by a thermal anemometer for the cooling output. In addition, the compressor and fan power consumption are measured by a power meter. All the meters are connected to data loggers. The cooling and dehumidification capacity is decided by the energy balance using all the measured parameters. The details of the major instruments are summarized in Table 5 . Because the common climatic conditions of subtropical areas are mostly very hot and humid with a dry-bulb temperature (DBT) from 20˝C to 35˝C and RH from 35% to 90%, it was essential to include a range of DBT and RH values suitable for a subtropical climate to obtain relevant characteristic data for the HPHX in this environment. It was necessary to cover a range of coil face velocities which represent the typical data occuring in practice at the same time. Thus, runs were performed under the thermal conditions summarized in Table 2 for this series of experiments.
There was some unavoidable run-to-run departure compared with the target values due to some difficulties in gaining accurate control of all the parameters listed above. However, runs were classified based on the above nominal values for simplicity in presentation and discussion of the data. The system must reach the steady-state equilibrium conditions after running about twenty minutes before data was collected for each experiment.
Results, Comparison and Discussion
The experimental model simulated the laboratory conditions rather than those of the other two buildings. The thermal insulation performance of a laboratory is the best of the three buildings. The heat generator and the moisture generator simulated the occupancy of the laboratory which has little changes when the system was being operated. The laboratory model is neither as large as the cinema with windowless rooms nor as changeable as the space area of the office building, which is the closest to the actual situations compared with the other two buildings.
Heat Pipe (HP) Effectiveness
The HP effectiveness (η HP ) for all kinds of experimental conditions was calculated based on Equations (4)- (7) . It was noted that η HP varied between 24% and 69.4%. The η HP at different T o , RH o and V FA were discussed and compared to evaluate whether the outdoor conditions (T o ; RH o and V FA ) would affect the HP effectiveness (η HP ). The results are shown in Figures 10-12. 13
The HP effectiveness (ηHP) for all kinds of experimental conditions was calculated based on Equations (4)- (7) . It was noted that ηHP varied between 24% and 69.4%. The ηHP at different To, RHo and VFA were discussed and compared to evaluate whether the outdoor conditions (To; RHo and VFA) would affect the HP effectiveness (ηHP). The results are shown in Figures 10-12 . It could be seen that various outdoor conditions (To; RHo and VFA) affected the HP effectiveness for different buildings, and the correlation between outdoor conditions (To; RHo and VFA) and HP effectiveness could be regressed to one straight line. The high correlation level showed that with a decrease of outdoor conditions (To; RHo and VFA) the ηHP increased. The HP effectiveness (ηHP) of the laboratory was higher than that of the other buildings.
According to the regression analysis, it was noted that there exists a linear relationship givden by the regression model:
The coefficient of determination (R 2 ) of this model was found to be 0.8243, indicating a linear correlation at the 95% confidence level. According to the regression analysis, it was noted that there exists a linear relationship givden by the regression model:
η HP "´0.0024 pT 0 q´0.8307pRH 0 q´0.4409pV FA q`1.1558
The coefficient of determination (R 2 ) of this model was found to be 0.8243, indicating a linear correlation at the 95% confidence level.
Energy Saving Calculation
FA was processed by the HPHX and DX unit before supplying it to the chamber in the proposed system. Cooling output of the DX unit could be represented by:
where h set = space air enthalpy (22˝C, 50%) per s, kJ/kg. The Q AHU (τ) and Q H (τ) were measured and stored in the built-in computer of the space automatically, and the Q FA (τ) was determined by energy balance calculations. Equation (23) was adopted to check the accuracy of the experimental data for subsequent analysis.
FA was processed only by the DX unit before supplying it to the chamber in the conventional system. Cooling output of the DX unit could be represented by:
Q FA (τ) 1 = cooling load from FA at time (τ) for the conventional system, kW Combining Equations (34) and (35), the saving in reheating load was:
Thus, the energy saving potential (ε AC ) for the proposed system was:
Q H (τ) 1 = heating load from the heat and moisture generators at time (τ) for the conventional system, kW.
The proposed laboratory system could reduce the FA cooling load as well as the reheating load. The ε AC under various outdoor conditions (T o , RH o and V FA ) was evaluated and compared for different buildings. The results are shown in Figures 13-15 .
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system. Cooling output of the DX unit could be represented by:
QFA (τ)' = cooling load from FA at time (τ) for the conventional system, kW Combining Equations (34) and (35), the saving in reheating load was:
Thus, the energy saving potential (εAC) for the proposed system was:
QH(τ)' = heating load from the heat and moisture generators at time (τ) for the conventional system, kW.
The proposed laboratory system could reduce the FA cooling load as well as the reheating load. The εAC under various outdoor conditions (To, RHo and VFA) was evaluated and compared for different buildings. The results are shown in Figures 13-15 The correlation between outdoor conditions (To; RHo and VFA) and energy savings could also be regressed to a straight line. For different To and RHo values, ηHP and εAC had the same trend which increased with a decrease of To and RHo. However, it was evident from Equations (36) and (37) that a higher VFA would obtain a higher εAC. The energy saving potential (εAC) of the laboratory was obviously better than that of the other two buildings.
It was evident that the outdoor conditions (To; RHo and VFA) and energy savings for the laboratory could also be regressed to a linear relationship which model was: 
The coefficient of determination (R 2 ) of this model was found to be 0.9217, indicating an excellent linear correlation at the 95% confidence level. In the simulation part, these simulated results are based The correlation between outdoor conditions (T o ; RH o and V FA ) and energy savings could also be regressed to a straight line. For different T o and RH o values, η HP and ε AC had the same trend which increased with a decrease of T o and RH o . However, it was evident from Equations (36) and (37) that a higher V FA would obtain a higher ε AC . The energy saving potential (ε AC ) of the laboratory was obviously better than that of the other two buildings.
It was evident that the outdoor conditions (T o ; RH o and V FA ) and energy savings for the laboratory could also be regressed to a linear relationship which model was:
η HP "´0.0024 pT 0 q´0.1218pRH 0 q´0.189pV FA q`0.1959
The coefficient of determination (R 2 ) of this model was found to be 0.9217, indicating an excellent linear correlation at the 95% confidence level. In the simulation part, these simulated results are based on some assumptions which were adiabatic air transport between the DX and the HPHX, constant energy transfer rates and constant air mass flow rates. However, these assumptions cannot occur in the experimental conditions and the major instruments have different measuring accuracy. As a result, the energy saving potential of the experimental results which ranged from 5.78% to 9.92% is considered consistent with the simulated results based upon simulation studies (6.16% to 9.31%).
Conclusions
To evaluate the energy saving potential of a HPHX combined with a dedicated ventilation system when used in Southern China, a prototype HPHX system has been designed and constructed for simulation and experimental research to estimate the overall performance under various indoor and outdoor conditions. Because the differences between the three buildings are characteristics of their load and occupancy changes, this paper proposed an application on the operating model of a laboratory, which is different from the other two buildings. The results were used to compare the previous papers by the authors [18, 19] which presented an office building model and a cinema model. Furthermore, they were used to verify that the laboratory model had more energy saving potential than the other two buildings.
Based on the design characteristics of a laboratory, the HTB2 simulation software was used to decide the cooling load profiles yearly for practical estimations of the proposed system to decouple dehumidification from cooling. It was shown that only 1.69% of the time the dried and cooled FA processed by the proposed system cannot be applied to entirely remove the chamber latent load during the annual operating hours of the air conditioning system. The energy saving potential of the cooling load and the reheating load were evaluated to correspond to 6.16-9.31% of the FA system and 3.2% to 4.5% of the overall system in the laboratory air conditioning system in Southern China. Considering the comparison between this paper and the previous ones, the energy saving potential of the laboratory was highest one. The results also showed that HVAC systems combined with HPHX for dehumidification improvement and energy savings are suitable for laboratories. This study demonstrates that the heat recovery technology combined with dedicated ventilation system is a feasible and energy efficient way to improve the energy consumption performance of conventional air-conditioning systems.
